Development of mine pit and overburden disposal has caused dynamic changes in the catchment area of Ukud River, one of the rivers that flow through Lati Mining Operation. The maximum discharge of the river reached 13m 3 /second and the catchment area occupied a total area of 1901.7 hectares. Since the mining operations started, the river discharge fluctuations have changed considerably. In addition, the catchment area that was dominated by overburden disposal area contained sulphide minerals that potentially degrade the water quality of Ukud River due to the formation of acid mine drainage. Hydrological studies are essential to investigate potential environmental impacts of the mining activities. This study was conducted to determine the characteristics of the hydrologic systems in the mining area using semi-distributed models that can be used to simulate the river flow within catchment area.
Introduction
Indonesia is one of the countries that use coal as a primary energy source. With coal reserves reached 21 billion tons, Indonesia has 62% of primary energy that generated from coal in 2014. Therefore, the development of the mining industry continues to be developed in two main basins which have the largest reserves such as Sumatra and Borneo. Coal production increased to 350 million tons in 2015.
Open pit coal mining is a surface mining technique where coal is extracted by digging, hauling, and stockpiling overburden to disposal area. To extract the coal, mining operations are carried out through the excavation and transport of overburden material in relatively large amounts. This activity could potentially have a negative impact on the environment that changes in topography and land cover. There are two main issues related to this potential impact. Fluctuation of discharge occurred due to changes in catchment area and the physical characteristics of the land such as the vegetation, slope, and the characteristics of the rocks in the disposal area. While water flow conditions both surface and ground water potential decreased quality influenced by erosion and the presence of minerals in the overburden. Overburden potentially contain sulfide minerals that can oxidize when exposed and in contact with oxygen in the air. Oxidation of sulfide minerals potential to generate acid mine drainage (AMD), which has a low pH and transport the products of oxidation such as SO4 2- , Fe 2+ , Al 3+ and Mn 2+ (Foos, 1996) . The potential impact of these changes will continuously occur follow the plan of mining and mine closure. Therefore, environmental management based on catchment area approach will be affected by mining activity should be integrated with the mine plan.
Ukud River is located in the southern part of Lati Coal -21 - Mine, Berau, East Kalimantan with a length of approximately 8 km ( Figure 1 ). This river is one of the tributaries Lati that flow into Segah River, the main river in the city of Berau. Based on data from Environmental Impact Assessment (EIA) documents in 1989, Ukud River have good quality with pH value range from 5.6-6.5. Concentration of sulfate was recorded in range between 20 to 25 mg/L. Other parameters also showed the value that meets the government environmental quality standards. However, since the mining operations in the 1990s, both hydrological characteristics Ukud River and quality began to change. Ukud catchment area experiencing changes due to excavation and dumping of overburden materials that have an impact on the hydrological conditions and its water quality. The change can be seen from the discharge and quality monitoring. See Figure 2 . In 2013, the maximum discharge Ukud River reaches 13 m/s during the rainy season. But in the dry season, Ukud River tends not flowing. Furthermore, Ukud River also has been indicated to be impacted by past mining activity and overburden disposal. It is characterized by low pH caused by AMD generated mainly in overburden dump. The sulfate concentration also increases up to 400 mg/L. Fluctuation of discharge and water quality of Ukud River in 2013 can be seen in Figure 2 . Acid mine drainage can potentially have an impact on ecological systems and water due to toxicity and low pH after mining operations are closured (Cherry et al., 2001 ). In addition, deposition of suspended material from acid mine water is also harmful to organisms in aquatic systems (Achterberg et al., 2003) . Since quality and quantity are closely related, these aspects must be considered together in the study to evaluate their characteristic and possible effect in environmental (Agnew and Corbett, 1969) . The ability to make hydrological predictions also has become an essential part of sustainable management of water resources, water quality and water-related natural hazards (H. Lee et al, 2007) . In an open pit coal mine, hydrology has become an interesting and important point to be studied within the mine environment management, particularly in relation to the AMD. The generation of AMD involves a complex process that can be influenced by many factors such as mineralogy, hydrology, geology, and climatic conditions (White et al. 1999 ). Therefore, some study needs to be conducted to evaluate this process.
This paper focus on hydrological model in catchment area that impacted by AMD. The model was conducted by using the semi-distributed hydrological model TOPMODEL developed by Beven (1975) . Previous studies have shown that this method can be used to simulate and predict watershed runoff and its capability to application in a wide range of watershed. Sun and Deng (2003) used TOPMODEL for rainfall-runoff in the Soumou River Catchment, a tributary of the Yangtze River. Nourani, et al. (2011) used this model for rainfall-runoff in Ammameh watershed with different terrain algorithms. TOPMODEL also has been used successfully by Zanon (2011) for rainfall-runoff model in tropical rainforest watershed. Beneche (2013) used this method to simulate the discharge of Grise River in order to estimate the flood condition.
In this present study, TOPMODEL was used to simulate runoff in catchment area that impacted by mining activities. This is become interesting since the catchment area change dynamically and periodically following the sequence of mine plan. This is an initial study to integrate the hydrological model with a chemical model that aimed to evaluate the generation of AMD in the Ukud catchment area. 
Site Description
Ukud catchment area changes dynamically and periodically in line with mine activities. Before 1990, Ukud River has a catchment with an area of 1681.63 Ha. Currently, after 1990s, the catchment has an area of 1901.7 Ha with different boundary and geometry of catchment area. The watershed elevation ranges from -14 m to 130 m from sea level. Around 48.6% of this area has been used for overburden disposal area, whereas the rest portion of the area (51.4%) remains natural and undisturbed. Only 48% of the disturbed area has been re-vegetated. These changes have profound impacts on stream flow conditions. Ukud River is classified as episodic stream since there is no flow during dry season. Ukud River has shown changes in discharge fluctuations as well as water quality due to backfilling of overburden material within the catchment area, which results in topographic changes, both in terms of elevation and width. In 2013, some instruments were installed to measure Ukud River's discharge continuously. This monitoring presents an average flow of 0.65 m 3 /s. Despite the absence of discharge data before the mining activities started, these flow rates were quite high that could be seen from the flooding conditions around the stream.
Furthermore, since the majority of overburden materials on the LMO were identified as Potentially Acid Forming (PAF) and there was no segregation between PAF materials and Non-Acid Forming (NAF) materials, the water quality of Ukud River decreased with range from 3.96 to 4.5 (Abfertiawan, 2013) , which was acidic and below the goverment environmental quality standard. It seems that this condition will continue to occur in the future, as the mining and reclamation activities progress.
Methods

TOPMODEL Concept
Hydrological model has evolved over three decades with different concepts and approaches. The model was developed from a simple method to very complex involving space and time. The development model is also followed by the development of observation methods involving measurement instruments hydrologic components so it is believed that the development of the method in hydrological modeling will be very dynamic.
There are two types of models commonly used i.e. deterministic and stochastic models. Hydrological deterministic model is often called physically based, which describes the actual hydrological system to simulate the actual hydrological cycle, for example, the simulation of rainfall into a hydrograph. There are two types of this model that are lumped model and distributed models. The stochastic model is a method of applying statistics to assess the hydrological conditions. Stochastic hydrology is only useful in the design or in making operational decisions. It is difficult to understand the characteristic of catchment area as well as the hydrologic component.
Lumped model is a model where the catchment area is assumed to be a unit. This method is relatively simple because it does not incorporate all of the components of hydrology in detail. In contrast, the distributed model is a model developed in a way to divide the catchment into several units, each of which has different characteristics. This is the most complicated model. Generally, this model involving differential equations is quite complicated.
One of the hydrological models that has evolved and well known is TOPMODEL. TOPMODEL is a semi-distributed model developed by Beven and Kirkby -23 - (1979) . It is one of several hydrological simulation methods that propose a relatively simple approach compared to the more complex hydrological models used to simulate hydrologic components, particularly runoff. Moreover, TOPMODEL gives the compromise between the complexity of the fully-distributed model and the simplicity of the lumped models (Nourani, et al., 2011) .
TOPMODEL was developed by applying grid cell approach to the topography of a catchment area. Every grid cell of the topographic data was defined with specific value related to component of hydrologic, namely Hydrological Response Unit (HRU). In TOPMODEL, the HRU was defined by Topographic Index (TI) that could be obtained by analyzing the topographic data. According to Beven et al. (1995) , TOPMODEL is developed base on three assumptions: (1) dynamics of a saturated zone can be described as a succession of steady state conditions; (2) the local saturated zone hydraulic gradient can be represented as the surface slope of topography (tan β); and (2) distribution of the soil transmissivity with depth is an exponential function of storage deficit.
In the development of hydrologic models using TOPMODEL, There are two storage concern, namely the root zone storage and storage unsaturated zone. These components are the most important variables in TOPMODEL. TOPMODEL concept can be illustrated as in Figure 3 . When rain falls in a catchment area, then TOPMODEL will first evaluate whether the rainwater can be directly infiltrated. If it doesn't, the water will flow directly on the surface, while if it does, then the water will flow into the root zone. Furthermore, the model will test whether the water content in the root zone has been above the maximum limit or not. If it does not, the water will flow into the unsaturated zone and some will evaporate (evapotranspiration). If the water content still below the maximum limit of the rooting zone, there will be no water flowing into the unsaturated zone. Gravitationally, the water flows to the saturated zone storage. The model will reevaluate whether the storage of unsaturated zone already at maximum capacity. If it does, then the saturation excess overland flow will occur. It should be noted that water storage in the unsaturated zone will not flow fully due to saturation excess overland flow. Water storage in the unsaturated zone will flow out through two-way flows towards the saturated zone and direct interflow.
Observation Data
Discharge measurement was conducted at downstream using a rectangular weir with 5.3 m of length. Water level over the weir crest was measured on an hourly basis using camera traps. The obtained results were used to determine the discharge by using the Francis equation that described on Equation 1 for calculating the discharge with h is the water level over the weir and b is the wide of rectangular weir.
The measurement was conducted during January to December, 2013. The results show the fluctuation of discharge at downstream of Ukud River with 13.63 m 3 /s of maximum discharge. The summary of discharge fluctuations are presented in Table 1 and Figure 4 . These data were used for model calibration and validation.
Rainfall data were measured on an hourly basis using a Decagon ECRN-100 high resolution rain gauge (0.2 mm) and a decagon Em50 digital/analog data logger that were installed in 2012. The rain gauge was installed in one of Ukud sub-catchments, which was assumed to represent the whole Ukud catchment. The maximum hourly precipitation is 48.51 mm. Based on daily totals in Fig.4 . Observed discharge and rainfall in 2013. , the maximum monthly precipitation can reach up to 389.81 mm. January, February, and December are the month with high rainfall intensity which occurs during the rainy season. The rainfall measurement data are shown in Figure 2 and Table 1 .
Evapotranspiration is the important component in hydrological simulation. In this study, there was no specific instrument directly applicable for measuring evapotranspiration, particularly when hourly-based data were required. There are, however, methods that have been used to obtain potential evapotranspiration (PET) 
DL refers to the Day Length (hours/day), which is obtained by using a spreadsheet from the National Oceanic and Atmospheric Administration (NOAA) USA (Chris Cornwall, 2016). Variation of DL showed no significant difference since the study area located near from the equator. Pt refers to the density of saturated water vapor in the air or humidity on daily average temperature (g/m 3 ). The constant C refers to the value of study area condition in units of inches/day. Tempa refers to the average daily temperature in the air in Celsius. Rv refers to the gas constant 0.463 kPa/ (K*kg*m -3 ).
Simulation Methods
Digital Elevation Model (DEM)
Evaluation and analysis of DEM were carried out using ArcMap application based on existing topographic data. These data also had been used to identify the changes of topography caused by development of mining sequence and revegetation progress. The topographic data were interpolated into 30 m of resolution. This is an important step in TOPMODEL. It will greatly determine TI values and quality of the model results. The TI describes the wetness index that was originally developed by Beven and Kirkby (1979) . If the DEM is too coarse, some elements of hydrology will not be present on the TI map. Therefore, the determination of the value of DEM resolution is very important to get good results.
Ukud catchment area has range in elevation between -14 to 130 m from sea level. The lowest being the floor of the abandoned-mine pit, which was filled with water as shown in Figure 5 . Furthermore, the DEM data are used to analyze the contributing area (α) and slope (β). Both of these data are the basic data to obtain the TI distribution. The analysis was performed using tools in ArcMap.
Topographic Index (TI)
The TI distribution was obtained using the following equation:
Where α (upslope contributing area) is the local upslope area draining through a grid cell of the catchment per unit contour length, which was obtained by using the flow accumulation tool in ArcMap and β is the local slope in degrees, which was analyzed using the slope tool in the Spatial Analyst extension of ArcMap.
The slope of the catchment area affects how quickly water will runoff during a rain event. From DEM -25 -analysis, Ukud catchment area has variety of slope with range from 0 to 33.6 degree. Area with zero degree means flat area that was categorized as disposal area and riverbank. In topographic index, the flat area has a high value of TI. See Figure 6 -8.
Time Delay Distribution
The time delay distribution refers to the distance between a reference point at downstream (in this case: location of the weir) and each grid cell within the catchment area. The analysis was conducted using the flow length tool in ArcMap. The results are presented in the following table. 
Model Input
In addition to meteorological data and TI, the following input parameters are required to simulate the hydrologic system of the catchment area using TOPMODEL: a. Saturated hydraulic conductivity at the surface (K0, cm/hr). K0 is generally a value that describes the ability of water to flow through porous media under saturated conditions. This value has an important role in determining the discharge of runoff, infiltration, and percolation in the hydrological system. Hydraulic conductivity is strongly influenced by the physical medium characteristic. b. Transmissivity of the fully saturated soil (T0, m 2 /hr). T0 is defined by the product of the saturated thickness and the hydraulic conductivity of the soil (Fetter, 2001 ). c. The M Parameter (scaling parameter for discharge reseccion). M parameter values can be obtained using approach of discharge data (Beven, 2001 ). d. Initial root zone storage deficit (Drz_init, meter). e. The maximum moisture deficit in the root-zone (Drz_max, meter). f. Vertical time delay for recharge of the Saturated Zone (td, hr/m). Parameter of td is a retention time of water required in the unsaturated zone water storage deficit Dp (Beven, 2001 ) before it flows to saturated zone. These parameters do not have a considerable influence on the simulation results of TOPMODEL. g. Channel routing velocity (Vr, m/hr). Vr is the stream velocity derived from observation discharge value -26 -divided by the cross section of the body of the river. h. Initial subsurface Flow (qs_init, m/hr).
The simulations were run using the R package TOPMODEL which was originally developed by Wouter Buytaert (2011) . There were two stages conducted in this study. At the first stage, the hydrological model was evaluated in terms of the above parameters. The analysis was performed with a range of values for each parameter (as shown in Table 3 ). Furthermore, those parameters were programmed to run 1200 iterations in order to obtain 1200 sets of parameters. Each set of parameter was calculated to obtain the simulation discharge and validated with the observed discharge data. This process is aimed to find the best performing parameter values with the smallest error values. At the second stage, simulation of discharge fluctuations was conducted using the best performing set of parameters generated from the first stage as the input parameters
Calibration Methods
A model calibration was conducted to obtain the best parameter set for a catchment area with the smallest error value. It will generate the simulation results with very close to the field measurement data. The model performance measure was carried out using the Monte Carlo method (Zanon, 2011) , where the simulation results from each set of parameters were compared to the result of another parameter set using an equation. In this study, the equation of Nash Sutcliffe Efficiency (Nash and Sutcliffe, 1970) was used. This method is the most commonly used criterion in hydrology model. It is a normalized statistic that calculates the deviation between simulation data and observed data. The NSE was calculated as:
where i refers to a specific time step (hr), n refers to the total number of time steps, qsim,i (m/hr) refers to the simulation discharge for time step i, which is based on each set of parameters, qobs,i (m/hr) refers to the observed discharge for time step i, and σobs (m A NSE value equal to or close to 1 means that the simulated discharge are identical or nearly identical to the observed discharge. Moreover, a value of zero means that the simulated discharge is equal to the average discharge. The NSE efficiency also can have a negative value when the residual variance is larger than the data variance. These describe that the mean value of observed data is a better predictor than the model. Therefore, negative value of NSE is generally ignored since we already have data greater than zero.
Results
The Best Value of NSE
The NSE results demonstrated that NSE distribution varied greatly. -27 -From 1000 iteration, the best NSE value that can be achieved was 0.54, which was quite satisfactory according to some references. There is no specific provision related to an acceptable NSE value. But, from previous study, Freer, et al. (1996) stated that NSE values > 0.3 were acceptable, while Campling, et al. (2002) suggested that NSE values > 0.5 with 1,500 parameters were acceptable. Therefore, the NSE value of 0.54 as well as the corresponding set of parameter values were selected to simulate water discharge at downstream of Ukud River.
The Best Parameters
The best parameter values were selected to be the single input data for simulating discharges fluctuations at downstream of Ukud River. A set of parameters that yielded NSE value of 54% were obtained and the value of each parameter is described in Table 4 . After validating the modeled discharge based on the observed discharge, these parameters may be interpreted as representing the physical characteristics of Ukud catchment area. 
Discussion
Ukud River is still facing the water quality as well as quantity problem caused by the changing of catchment area due to mining activities. Covering 48% of the total catchment area, disposal of overburden material becomes the main causes that lead to an increase in the river flow and water quality degradation. The hydrological model needs to be conducted as a part of studies that integrate hydrology aspect and water quality aspect.
The semi-distributed TOPMODEL was used to determine the characteristics of a catchment area and simulate the discharge at river downstream. This method has been considered to be relatively simple and valid for simulating the hydrologic system of a catchment area that disturbed by mining activities.
The simulation results showed the value of each input parameter after 1000 iterations has been achieved. The surface saturated hydraulic conductivity (K0) was obtained at 0.75 m/hr or 2x10 -2 cm/sec with 0.54 of NSE value. The K0 value describes the ability of water to flow by gravity through a porous medium in saturated conditions. Shakoor & Ruof (1989) stated the K0 value for the disposal area containing mudstone and sandstone in Horscley reclaimed pit, UK, was greater than 1x10 -2 cm/sec. Dawson & Morgenstern (1995) stated that K0 value was 3x10 -3 to 1x10 -4 cm/sec for waste rock disposal in coal and metal mines. Therefore, the K0 value of 2x10 -2 cm/sec obtained from the simulation appeared to be valid to describe the hydrology of Ukud catchment area that was dominated by overburden disposal. The value of Vr refers to the average river flow velocity. Theoretically, it can be obtained by dividing the observed discharge by the cross sectional area of the river. The simulation results showed that the flow velocity reached a value of 802.88 m/hr or 0.22 m/sec. Ukud River's depth varied along its stream. Some segments had a depth of 5-20 cm, while some others reached 1 m. By using the best set of parameters obtained from the first stage of simulation, the second stage of simulation was conducted to determine the discharge fluctuations in 2013, compared with the observed data. The simulation results showed that the simulated maximum discharge was 15.10 m 3 /s when the maximum rainfall of 48 mm/hour occurred. The results were quite different from the observed data, reaching the gap of 0.38-1.47 m 3 /sec. The summary of observed and simulation discharge are shown in Figure 14 and Table 5 . Hydrograph on Figure  14 shows that the discharge at downstream increased rapidly after it rains. This is associated with the landuse cover type at Ukud catchment area that dominated by disposal area. The change in landuse or physical characteristic has affected the ability of the soil to retain more water during the rain prior to direct runoff (Nobert and Jeremiah, 2012) .
As studied in 2009 in the existing disposal area the PAF material is mixed with non-acid forming NAF material. Re-vegetation effort has been conducted in most of final overburden disposal area but unfortunately it could not avoid the generation of AMD as indicated in the seepages in the already reclaimed and re-vegetated disposal area having pH value of 3 to 4. With the large By using the best set of parameters obtained from the first stage of simulation, the second stage of simulation was conducted to determine the discharge fluctuations in 2013, compared with the observed data. The simulation results showed that the simulated maximum discharge was 15.10 m 3 /s when the maximum rainfall of 48 mm/hour occurred. The results were quite different from the observed data, reaching the gap of 0.38-1.47 m 3 /sec. The summary of observed and simulation discharge are shown in Figure 14 and Table 5 . Hydrograph on Figure  14 shows that the discharge at downstream increased rapidly after it rains. This is associated with the landuse cover type at Ukud catchment area that dominated by disposal area. The change in landuse or physical characteristic has affected the ability of the soil to retain more water during the rain prior to direct runoff (Nobert and Jeremiah, 2012) .
As studied in 2009 in the existing disposal area the PAF material is mixed with non-acid forming NAF material. Re-vegetation effort has been conducted in most of final overburden disposal area but unfortunately it could not avoid the generation of AMD as indicated in the seepages in the already reclaimed and re-vegetated disposal area having pH value of 3 to 4. With the large flow rates, lower quality has become a serious problem in this catchment area. The dynamic change of Ukud's catchment area due to mine pit and overburden disposal development are the main challenges in AMD management in Ukud's catchment area.
Summary
Understanding hydrologic systems in mining operation area is important because the potential landscape changes due to the mining activities affect both water discharge and quality. These changes will likely continue to occur dynamically following the sequence of mine plan and during reclamation.
The TOPMODEL method was used to understand both physical characteristics of the catchment and the discharge fluctuations at downstream of Ukud River. The simulation results with the value of NSE of 54% seem to be fairly accurate based on some related studies.
Semi-distributed hydrological model by using TOPMODEL was proven to be valid and effective to determine the characteristics of the hydrological system in Ukud catchment area that was disturbed by mining activities in Lati Mine Operation. This method can be used to model any other catchment areas with similar characteristics.
The hydrological study can be further developed to study the influence of geochemical quality and characteristics of the land cover in the overburden disposal area. Hydrological modeling, both in terms of discharge and quality, is an important consideration in mine planning. In the future, hydrology both of discharge and quality model could be integrated to mine plan in order to minimize the potential risk of AMD generation.
